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T
he amino acid sequences of
most natural proteins result in
an ability to fold to specific
structures that generate biologi-

cal activity, and simultaneously to avoid
misfolding and aggregation (1). It ap-
pears from the data available to us at
present that the overall architecture (the
‘‘fold’’) of these structures is much more
highly conserved during evolution than
the sequences that encode them. These
folds have therefore emerged as ideal
candidates for classifying proteins (Fig.
1) and hence to begin to make order of
the protein universe (2). The continuing
advances in structural biology, and par-
ticularly the recent emergence of struc-
tural genomics initiatives in which
particular emphasis is placed on the dis-
covery of new folds (3), are providing
an opportunity to build up a compre-
hensive map of the protein universe. Of
particular significance is the fact that
the number of distinct structural arche-
types, or folds, is thought to be rela-
tively small, less than �10,000 by most
estimates, with many different sequences
able to encode the same basic fold of
the polypeptide chain (4). A key ques-
tion in the analysis of protein sequences
and structures is the way in which they
relate to their functions. Clues as to the
answer will not only begin to enlighten
us as to the fundamental organization of
the protein universe, and the location
within it of natural proteins, but will
also provide a means of predicting the
functions of those proteins for which
this information is not yet defined by
experiment. The ability to predict func-
tion will be of tremendous value, for
example, in interpreting the output of
genome sequencing programs, or in the
design of new proteins with specific
functional characteristics. In a recent
issue of PNAS, Kim and colleagues (5)
take a significant step toward this objec-
tive by extending their earlier study (6)
to show that proteins with similar func-
tions can be found close together in the
protein universe—provided that the lat-
ter is organized through structural con-
siderations in a suitable way, termed the
structure space map (SSM).

Colocalization of Structure and Function
in the Protein Universe
The results of Kim and colleagues show
that when the protein universe is or-
dered according to the SSM method (5),
a functional classification emerges as a
by-product of this exercise, a finding

that suggests that a common chart, ca-
pable of reporting both structure and
function simultaneously, may exist for
the protein universe. This remarkable
conclusion is prompted by the observa-
tion that proteins with similar functions
colocalize in the SSM. The key to the
success of the method is a multidimen-
sional scaling procedure that enables the
calculation of the ‘‘distance’’ between

protein structures by the selective use of
information closely related to their func-
tion (5). This procedure is thus capable
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Fig. 1. The totality of all possible proteins can be looked at in three different ways: (i) the protein
universe, which is formed by all possible amino acid sequences; (ii) the protein fold universe, which
contains all possible folds associated with these sequences; and (iii) the protein function universe, which
specifies all possible protein functions associated with these folds. The size of the protein universe is
reduced from �10400 to �1010 different sequences if only those proteins currently in the biosphere are
considered (4). In contrast, the protein fold universe may only contain some 105 different folds in total
(23–25), and it may be that natural proteins already populate a very substantial fraction of them. The Gene
Ontology (GO) Consortium lists �104 possible types of functions (9), a number that can be taken as an
approximate estimate of the size of the known part of the protein function universe. It is interesting to
note that the number of known protein functions, which is a tiny fraction of the number of currently
existing different protein sequences, is of the same order of magnitude of that of known protein folds and
also of that of small molecules found in living organisms (15). As demonstrated by the work of Kim and
colleagues (5), the use of structural or functional considerations suggests a similar organization of the
protein universe. The figure illustrates how an organization of the protein universe based on the GO
classification appears to be compatible with a structural classification (13). [Reproduced with permission
from ref. 13 (Copyright 2003).]
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of making effective use of the observa-
tion that a primary determinant of func-
tionality is the presence of local motifs,
as in the case of EF hands (for calcium
binding) or catalytic triads (for proteo-
lytic reactions) (7, 8).

As a consequence of the findings of
Kim and coworkers (5) one might ex-
pect a similar ordering scheme to be
derived when protein functions, rather
than structures, are considered. Indeed,
the Gene Ontology (GO) Consortium
aims at organizing the universe of natu-
ral proteins through a functional classifi-
cation (9). The existence of proteins
that perform similar functions and yet
have different structures (e.g., chymo-
trypsin and subtilisin), and of proteins
that perform different functions depend-
ing on the cellular context (10), compli-
cates this already challenging exercise by
creating shortcuts in the protein uni-
verse that can potentially disrupt its or-
der by linking together distant regions
of space in the organizational structure
established by this approach. The multi-
dimensional scaling introduced by Kim
and coworkers (5) should, however, help
to overcome such problems, because it
appears to minimize the relevance of
these shortcuts by clustering structures
according to their functionally relevant
motifs. Moreover, it has been shown
recently by using a range of different
methods that the structural and the GO
classification are to a large extent com-
patible (11–13).

The SSM approach should also enable
the rapid classification of new protein
folds identified through structural
genomics initiatives as well as more con-
ventional structural biology procedures,

and in the process also may help the
simultaneous classification of proteins in
terms of function. This type of chart
should, in addition, aid in the develop-
ment of rational strategies for the dis-
covery of new drugs. Most drugs act by
interfering with a particular protein
function, but a drug targeted toward
one protein may also affect other pro-
teins with similar recognition sites (14,
15). The SSM method might well help
to avoid unwanted adverse effects on
other proteins by simplifying the search
for functionally relevant protein similari-
ties. Given the complex and crowded
molecular environment within living sys-
tems (16), such an achievement would
be a great leap forward in the quest to

carry out the rational design of thera-
peutic molecules.

Expanding the Boundaries of the
Protein Universe
The results of approaches such as
those described by Kim and coworkers
(5), along with recent ideas about the
underlying reasons that the number of
different folds appears remarkably
small (17) and about the way that the
information needed to fold proteins
and to minimize the risks of misfolding
(1, 18) is encoded in the sequence
(19–22), suggest that we shall soon un-
derstand many of the most important
features about the physical basis of the
organization of the protein universe. In
addition, just as natural molecular evo-
lution is constantly probing the protein
universe, we may also endeavor to
search for proteins with new function-
alities to carry out a wider range of
chemical reactions. The results pre-
sented by Kim and coworkers (5) are a
very significant example of how the
conf luence of experimental methods,
including structural genomics and pro-
teomics, and theoretical methods,
including sequence and structure clas-
sification, in conjunction with ideas
about biological evolution, can provide
a framework of general principles that
acts as a guide for exploration of the
protein universe and extend signifi-
cantly the arsenal of functions that
proteins are able to perform.
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We shall soon
understand many

of the features about
the organization of

the protein universe.
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